Tauopathies including Alzheimer's disease and Progressive Supranuclear Palsy are a diverse group of progressive neurodegenerative disorders pathologically defined by inclusions containing aberrantly aggregated, post-translationally modified tau. The tau pathology burden correlates with neurodegeneration and dementia observed in these diseases. The microtubule binding domain of tau is essential for its physiological functions in promoting neuronal cytoskeletal stability, however it is also required for tau to assemble into an amyloid structure that comprises pathological inclusions. A series of novel monoclonal antibodies were generated which recognize the second and fourth microtubule-binding repeat domain of tau, thus enabling the identification specifically of 4-repeat tau versus 3-/4-repeat tau, respectively. These antibodies are highly specific for tau and recognize pathological tau inclusions in human tauopathies including Alzheimer's disease and Progressive Supranuclear Palsy and in transgenic mouse models of tauopathies. These new antibodies will be useful for identifying and characterizing different tauopathies and as tools to target tau pathology in these diseases.
Introduction
Tauopathies are a group of neurodegenerative diseases predominantly identifiable by inclusions composed of aggregated, highly phosphorylated and cleaved microtubule (MT)-associated protein tau (MAPT) [1] . This burden of tau inclusion pathology has been shown to correlate with the cognitive decline observed in these diseases, as well as, neurodegeneration [2] [3] [4] . Indeed, cognitive decline associates more with the tau burden compared to the amyloid-β load in Alzheimer's disease (AD) [5] . Tauopathies are pathologically and symptomatically heterogeneous and include AD, Progressive Supranuclear Palsy (PSP), corticobasal degeneration (CBD), Pick's disease, and frontotemporal dementia with parkinsonism linked to chromosome [1, 6] .
In brain, tau exists as six different isoforms, ranging from 352 to 441 amino acids in length as a result of alternative splicing of exons 2, 3 and 10 [7] [8] [9] and is natively unfolded [10] . a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
Specifically, alternative splicing of exon 10 leads to the exclusion or inclusion of the second MT binding repeat (R2), producing tau isoforms with either 3 (3R) or 4 (4R) MT repeats, respectively [1, 6, 11] . Inclusion of exons 2 and 3 results in tau isoforms with N-terminal inserts termed N1 and N2, respectively [11, 12] . Tau expression is developmentally regulated; human fetal brain expresses only the shortest tau isoform (0N3R) whereas in healthy adult brain equal amounts of 3R and 4R tau are expressed [12, 13] . In disease, differences between 3R and 4R tau amounts can exist. Some FTDP-17 mutations increase the ratio of 4R to 3R tau and insoluble tau purified from these cases are largely 4R tau [1, 6, 13] , similar to findings observed in PSP and CBD [14] . PiD, on the other hand shows increased 3R to 4R tau ratio [14] and in AD, equivalent amounts of both isoforms are found [15] .
The MT binding domain (MTBD) of tau enables it to bind, assemble and stabilize MTs, promoting neuronal stability [1, 6, 11, [16] [17] [18] . The number of MT repeats (3R or 4R) in tau can affect the speed of axonal transport [19] , and the presence of 4 MTBDs increases the propensity of tau to form β-sheets and aggregate [20] . The MTBD is the core domain required to drive amyloid structure formation and aggregation [21] . Phosphorylation in the MTBD decreases the affinity of tau for MTs [22] and may contribute to the accumulation of unbound tau in pathological inclusions.
Identifying 3R and 4R tau is relevant as pathological markers to distinguish between tauopathies and targeting the MT-binding repeat domain of tau is of interest for immunotherapy. Here we report the generation and characterization of a series of novel monoclonal antibodies targeting this region of tau enabling the study of these different isoforms and to therapeutically target tau pathology.
Materials and methods

Mice
All procedures were performed according to the NIH Guide for the Care and Use of Experimental Animals and were approved by the University of Florida Institutional Animal Care and Use Committee. Tau knockout (KO; tau -/-) mice [23] (Stock 007251) and tau transgenic (Tg) mice line PS19 expressing human 1N4R tau with the P301S mutation driven by the mouse prion promoter [24] were obtained from Jackson Laboratories (Stock 008169, Bar Harbor, ME, USA). JNPL3 tau transgenic mice expressing human 0N4R tau with the P301L mutation were previously described [25] . All mouse tissue for biochemical or immunohistochemical analysis were obtained from archival stocks, N = 10 per genotype. B6/C3H F1 mice (N = 10) (Envigo, Indianapolis, IN, USA) were used to generate antibodies.
Production and purification of recombinant tau and α-synuclein proteins and recombinant tau fusion proteins
All recombinant proteins were expressed in Escherichia coli (E. coli) BL21 (DE3)/RIL (Agilent Technologies, Santa Clara, CA). Recombinant full-length human 2N3R and 2N4R tau, tau K18 fragment (corresponding to residues 244-372 relative to 2N4R human tau with an ATG codon added at the amino-terminus) and human α-synuclein (αS) were expressed using the respective cDNA cloned into the bacterial expression plasmid pRK172 and purified as previously described [13, 26] . All other chimeric protein cDNAs were generated by gene synthesis conducted by Genscript (Piscataway, NJ, USA) and cloned into pET16b vector. Recombinant 21-140 human αS with an ATG codon added at the amino-terminus followed by the nucleotide sequence for residues 244-372 in 4R human tau designated αS 21-140/K18 (used to generate antibodies 81A11 and 83E4) was purified using SP column with NaCl gradient elution flowed by size exclusion column. Recombinant 21-140 human αS with an ATG codon added at the amino-terminus followed by the nucleotide sequence for residues 244-372 in 4R human tau followed by human Aβ1-42 designated αS 21-140/K18/Aβ1-42 (94-3A2, 94-3A6, and 94-4F1 antibodies) was purified using using a HiTrap Q HP column (GE Healthcare Life Sciences) followed by size exclusion chromatography. Protein concentrations were determined by bicinchoninic acid (BCA) assay (Thermo Scientific) using bovine serum albumin (BSA) as the standard.
For the generation of recombinant glutathione S-transferases (GST) tagged human MTBD R1-3 (residues 244-336 relative to 2N4R tau), R1 (residues 244-274 relative to 2N4R tau), R3 (residues 306-336 relative to 2N4R tau) and R4 (residues 337-372 relative to 2N4R tau) proteins, the corresponding cDNA sequences were amplified by PCR with the respective oligonucleotides with added BamHI and EcoRI restriction sites and cloned in these sites of bacterial expression plasmid pGEX-2T. These proteins were expressed in Escherichia coli (E. coli) BL21 (DE3)/RIL with isopropyl β-D-1-thiogalactopyranoside induction. The bacteria were lysed with 2% SDS and following the addition of SDS sample buffer equal amounts of total bacterial lysates were resolved by SDS-PAGE and analyzed by immunoblotting. . For the first immunization, mice were injected subcutaneously. An intraperitoneal (IP) injection was administered 3 weeks later. Six weeks following the initial injection, mice were boosted with an IP injection of the proteins in PBS. Three days later, mice were euthanized by CO 2 inhalation and spleens were harvested using aseptic technique. Mouse myeloma (Sp2/O-Ag14; ATCC, Manassas, VA) cells were maintained in high glucose (4.5gm/L) Dulbecco's Modified Eagle Medium (DMEM) with 10% NCTC 135 Media (Sigma Aldrich, St. Louis, MO), 20% hybridoma grade fetal bovine serum (FBS; Hyclone, Logan, UT), 100 U/ml penicillin, 100 U/ml streptomycin, 2 mM L-glutamine, 0.45 mM pyruvate, 1 mM oxaloacetate, and 0.2 U/ml insulin at 37˚C and 8% CO 2 . Spleens were gently homogenized in 5% FBS/Hank's balanced salt solution (HBSS; Lonza, Walkersville, MD). Cell suspensions were collected and centrifuged to pellet cells. The cell pellets were resuspended in red blood cell lysis buffer (Sigma Aldrich, St. Louis, MO) and diluted with HBSS after one minute. The cells were then washed twice by centrifuging at 100 x g for 10 minutes and resuspending in HBSS. Sp2/O-Ag14 cells were also washed twice with HBSS. Five million Sp2/O-Ag14 cells were added to 50 million spleen cells and, after centrifuging at 100 x g for 10 minutes onto a culture dish, fusion was induced with 50% polyethylene glycol 1450 (Sigma Aldrich, St. Louis, MO). After washing with HBSS, cells were incubated in Sp2/O-Ag14 media at 37˚C with 8% CO 2 overnight. The next day, the cells were gently detached from the plate and distributed into 96 well plates with Sp2/O-Ag14 media/0.5% hybridoma enhancing supplement (Sigma Aldrich, St. Louis, MO)/HAT selection supplement (Sigma Aldrich, St. Louis, MO).
Generation of new tau mouse monoclonal antibodies
Hybridoma screening
All hybridoma clones were screened for reactivity to K18 versus αS and Aβ by enzyme-linked immunosorbent assay (ELISA). MaxiSorp plates (Thermo Scientific, Waltham, MA) or Immulon 4HBX plates (ThermoFisher Scientific, Waltham, MA) were coated with 1 μg/ml human recombinant tau, αS or Aβ in PBS or 100 mM sodium bicarbonate and blocked with 5% FBS/PBS or 1% Block ACE in PBS. Media from the hybridomas were applied to plates, which were then incubated at room temperature for 3 hours. Next, the plates were washed with PBS, and incubated with goat anti-mouse secondary antibody conjugated to horse radish peroxidase (HRP; Jackson Immuno Research Labs, West Grove, PA) for 1 hour at room temperature. Then, plates were washed and TMB substrates (Pierce, Rockford, IL) were applied until color changes were observed. Reactions were then quenched with 1M HCl or 85% O-Phosphoric acid and absorbance was measured at 450 nm. Clones that were positive by ELISA were transferred to larger culture plates as needed.
Antibody clones were isotyped with the mouse monoclonal antibody isotyping kit purchased from Sigma-Aldrich (St. Louis, MO).
Preparation of total mouse brain protein lysates
Tau KO, PS19 Tg or non-transgenic (NTg) mice were humanely euthanized by CO 2 inhalation and the brains were harvested. Brain tissue was homogenized in 2% SDS/50 mM Tris, pH 7.5 using a probe sonicator and then incubated for 10 min at 100˚C. Protein concentrations were determined by BCA assay using BSA as the standard. Sample buffer was added and equal amounts of protein (10 μg) were resolved by SDS-PAGE and analyzed by immunoblot.
Preparation of sarkosyl-insoluble human temporal cortex
All frozen human brain tissue was obtained from the University of Florida Neuromedicine Human Brain Tissue Bank. All cases were de-identified before authors obtained the tissue. Pulverized temporal cortex tissue from human control (n = 2) or AD cases (n = 3) was homogenized in high-salt (HS) buffer (50 mM Tris-HCl, pH 7.5, 0.75 M NaCl, 2 mM EDTA, 50 mM NaF with protease inhibitor cocktail [Roche]) at 3 ml buffer/g tissue and centrifuged at 100,000 x g for 30 minutes at 4˚C. Supernatants were collected (HS fraction) and pellets were resuspended in HS buffer containing 1% Triton X-100 at 2 ml buffer/g tissue. Samples were centrifuged at 100,000 x g for 30 minutes at 4˚C and the supernatants were collected (HS/Triton-soluble fraction). Pellets were washed in the same buffer and then re-suspended in HS buffer containing 1% sarkosyl at 1 ml buffer/g tissue and incubated at 37˚C for 30 minutes, and centrifuged at 100,000 x g for 30 minutes at 4˚C and supernatants were collected (sarkosyl-soluble fraction). The detergent-insoluble pellets were extracted in 0.5 ml of 4 M urea, 2% SDS, 25 mM Tris-HCl pH 7.6/g tissue, sonicated, and sedimented at 100,000 x g for 30 minutes at 25˚C. Protein concentrations were determined by BCA assay (Thermo Scientific) using BSA as the standard. SDS sample buffer was added, and equal amounts of protein (10 μg) were resolved by SDS-PAGE and analyzed by immunoblot.
Immunoblotting
Protein samples were resolved by electrophoresis on 4-12% Bis-Tris precast gels (Biorad, Hercules, CA, USA), then electrophoretically transferred to polyvinylidene fluoride (PVDF) membranes. Membranes were blocked with 0.5% casein in Tris-buffered saline (TBS) then incubated overnight at 4˚C with primary antibodies diluted in 0.5% casein in TBS. A goat anti-GST antibody was obtained from GE Healthcare Biosciences (Pittsburgh, PA, USA). Following washing, blots were incubated with fluorophore-conjugated secondary antibodies diluted in 0.5% casein in TBS for 1 hour. Following washing, protein bands were visualized and quantified using an Odyssey infrared imaging and analysis system (Li-Cor Biosciences, Lincoln, NE, USA).
Immunohistochemistry
Paraffin embedded tissue from JNPL3 tau transgenic [25] , PS19 tau-transgenic [24] and NTg mice was used. All paraffin embedded, formalin fixed human brain tissue from de-identified donors was obtained through the University of Florida Neuromedicine Human Brain Tissue Bank. Sequential tissue sections were deparaffinized with xylenes, and sequentially rehydrated with graded ethanol solutions (100-70%). Antigen retrieval was performed by incubating sections in a steam bath for 30 minutes. Endogenous peroxidase activity was quenched with 1.5% hydrogen peroxide/0.005% Triton-X-100/TBS for 20 minutes. Sections were blocked with 2.5% horse serum then incubated with primary antibody overnight at 4˚C. Following washing with TBS, sections were incubated with Vector ImmPress anti-mouse IgG peroxidase (Vector Laboratories, Burlingame, CA, USA) for 30 minutes. Sections were washed with TBS and then developed with 3, 3'diaminobenzidine (DAB kit; Vector Laboratories). Reactions were stopped by immersing the slides in TBS and sections were counterstained with Mayer's hematoxylin (Sigma Aldrich, St. Louis, MO). Next, sections were dehydrated with an ascending series of ethanol solutions (70%-100%) followed by xylenes, and coverslipped using cytoseal (Thermo Scientific, Waltham, MA).
Results
Generation of antibodies targeting the microtubule binding domain of tau
Mice were immunized with the synthetic peptides corresponding to the MTBD in 4R human tau 244-372 (K18) conjugated to 21-140 αS at the N-terminus or 21-140 αS at the N-terminus plus Aβ1-42 at the C-terminus. These fusion proteins were used to enhance the immunogenicity of the peptide and increase the likelihood of obtaining suitable tau antibodies, particularly as αS is a highly immunogenic soluble protein. Several hybridomas were identified by ELISA screening that showed reactivity to recombinant human tau but not to recombinant human αS or Aβ. This selectivity for tau was also confirmed by detection of tau pathology by immunohistochemistry of human AD post-mortem brain tissue with abundant tau pathology. Five hybridomas (81A11, 83E4, 94-3A2, 94-3A6, 94-4F1) were identified using these criteria. To map the epitopes of these monoclonal antibodies, immunoblots of recombinant GST tagged human MTBD R1-3, R1, R3 and R4 were probed with these antibodies (Fig 1) . 81A11 is the only antibody to recognize R1-3 but not R1 or R3 alone highlighting its selectivity for R2, and the remaining antibodies (83E4, 94-3A2, 94-3A6, 94-4F1) selectively bind R4 only. We further determined the specificity of these monoclonal antibodies by probing immunoblots of recombinant full-length human 2N3R and 2N4R tau and K18 (4R) tau fragment [7, 27] (Fig 2) . 81A11 recognizes both 2N4R tau and K18 but not 2N3R tau highlighting its specificity for R2 within the MTBD of tau. The remaining antibodies 83E4, 94-3A2, 94-3A6, 94-4F1 recognize both 3R and 4R tau due to their selectivity for R4 within the MTBD of tau.
Characterization of antibodies with tau transgenic mouse tissue
To further determine the selectivity of this series of antibodies for human tau, immunoblots of total mouse brain lysates from tau KO [23] , NTg and PS19 tau Tg mice [24] were probed with these antibodies (Fig 3) . All of the new tau antibodies detected human tau in whole brain lysates from PS19 mice. Antibodies 81A11, 83E4, and 94-3A2 reacted weakly with endogenous tau in NTg mice. Antibodies 94-3A6 and 94-4F1 demonstrated stronger reactivity for endogenous tau in NTg mice. All the antibodies were specific for tau as shown using the lysates from tau KO mice. A non-specific band at approximately 30 kDa present in all the lysates was attributed to non-specific binding of the secondary antibody shown with an immunoblot probed only with secondary antibody. The ability of these new antibodies to react with tau inclusions in the JNPL3 [25] and PS19 mouse model of tauopathy was also examined by immunohistochemistry (Fig 4) . This panel of antibodies detects tau inclusions in the spinal cord of JNPL3 and PS19 mice and detects endogenous tau in an age-matched NTg spinal cord. No reactivity is observed in spinal cord from a tau KO mouse.
Characterization of antibodies with human post-mortem AD and PSP tissue
To further characterize these novel monoclonal antibodies, sarkosyl-insoluble tau prepared from sequential extractions of temporal cortex tissue from AD and control cases was also assessed by immunoblotting (Fig 5) . All antibodies specifically reacted with sarkosyl-insoluble tau in the AD cases (N = 3), showing no reactivity in samples from control cases (N = 2). The aggregated and post-translationally modified tau in the AD cases was detected with all these antibodies as proteins smears from below the expected molecular mass of naïve tau to the top of gels.
Neurofibrillary tangles (NFTs) are predominantly found in AD hippocampus and cortex upon histological examination [28, 29] ; therefore, the ability of these antibodies to detect NFTs in AD brain sections was examined by immunohistochemistry (Fig 6) . All of these antibodies reacted with NFTs in AD cortex and hippocampus. In PSP, tau inclusions also form in the glia of the basal ganglia and brain stem, as well as, the development of some globose NFTs [30, 31] . The ability of these antibodies to detect tau inclusions in PSP basal ganglia was examined by immunohistochemistry (Fig 6) . 83E4, 94-3A2, 94-3A6, and 94-4F1 highlighted glial tau inclusions and some globose NFTs in PSP sections. 81A11 only weakly detected the tau inclusions in PSP tissue. 
Discussion
Here, we present data where novel mouse monoclonal antibodies which recognize epitopes within the MTBD of tau were generated. We have validated that these antibodies are highlyspecific for tau and show reactivity for pathological inclusions in tauopathy mice and human AD and PSP. A summary of these new monoclonal tau antibodies is shown in Table 1 .
In the first instance, we determined that 81A11 reacts with the R2 repeat and shows selectivity for 4-repeat tau and the remaining antibodies in the series (83E4, 94-3A2, 94-3A6, 94-4F1) bind R4 and can recognize 3-and 4-repeat tau. We then examined reactivity with mouse brain tissue by immunohistochemistry and immunoblotting; all of these monoclonal antibodies show some reactivity to endogenous mouse tau in the NTg tissue, as 0N4R is the main isoform of tau expressed in adult mice [32] as well as strongly recognizing the over-expressed 1N4R human tau in PS19 brain [24] . These antibodies show no cross-reactivity with tau -/-brain demonstrating the high selectivity of these antibodies to tau. In addition, this panel of antibodies recognize NFTs in the spinal cord of JNPL3 and PS19 mice highlighting their utility to recognize inclusion pathology in these models. Furthermore, this panel of antibodies can robustly identify tau from sarkosyl-insoluble preparations of AD cortical brain tissue by immunoblotting, showing no reactivity with the same lysates prepared from human control cortex. These antibodies also recognize pathological tau inclusions upon immunohistochemical examination; NFTs and glial and globose NFT inclusions in AD and PSP, respectively, were recognized by these antibodies in regions of Novel monoclonal MTBD antibodies for human tau pathological interest. Endogenous staining of tau is also observed in control cases. Of note, 81A11 which recognizes R2 of the MTBD of tau does not recognize pathological tau inclusions in PSP brain as well as the other antibodies which recognize R4 and it could be speculated that this epitope is masked due to the amyloidogenic β-sheets forming in this region of tau [21, 33] . Other antigen retrieval methods not employed in this study could also increase the ability of 81A11 to recognize 4-repeat tau in the PSP cases [34] .
The MTBD of tau is of therapeutic interest because it is in this region where tau forms its amyloidogenic structure [20, 21, 33] . Indeed, in tau, β-sheet structures flanked by the second (275-280 amino acids) and the third (306-311 amino acids) repeats of MTBD enable the formation of paired and straight helical filaments which are characteristic of tauopathies such as AD and PSP [33] . It is also this region of tau where post-translational modifications permit the disassembly of microtubules, thereby increasing amounts of unbound tau, which can accumulate in the pathological brain [1, 35] .
At present, there are no effective therapeutic strategies available to target tauopathies [36] . There have been numerous failures in anti-Aβ therapies for AD [37] , and the correlation between cognitive decline and tau pathology in human AD [5] has driven interest to target tau pathology in AD. Some of these therapies may also be useful for other tauopathies. In particular, there is now a body of evidence implicating the propagation and release of tau as a disease mechanism in AD and other tauopathies [38] [39] [40] [41] ; suggesting immunotherapy intervention with antibodies could prevent the propagation of such pathology. Indeed, several tau immunotherapies have been employed pre-clinically and have shown efficacy in these pre-clinical models [42] [43] [44] [45] . Furthermore, the humanized tau antibody (ABBV-8E12) has received Phase 2 approval for early AD and PSP (Clinical Trial #NCT02880956 and #NCT02985879). Additionally, recent evidence has suggested that balancing 3R and 4R tau isoforms is effective in preclinical studies [46] and antibodies specific to 3R or 4R tau could enable the rebalancing of tau isoforms.
Tauopathies encompass a diverse spectrum of phenotypes and pathologies. There is much interest in immunotherapy against tauopathies, but at this stage very little is known as to which antibody strategy may be the most appropriate, and it is likely this will differ between different tauopathies, as well as, disease stage. The novel tau antibodies to the MTBD of tau described here will enable exploration of targeting this region of tau therapeutically in future work.
Conclusions
We have generated and characterized a series of highly tau-specific novel monoclonal antibodies, which recognize the MTBD of tau. Importantly, one of these antibodies specifically targets the R2 repeat domain, enabling the identification of 4-repeat tau. These monoclonal antibodies detect pathological inclusions in transgenic tau mice and in human tauopathy brain. These tau Table 1 . Novel MTBD tau antibodies generated in this study. Summary of the new antibodies generated and characterized in this study, including the antigens used to generate each antibody, the specificity for each antibody, and their isotypes. Novel monoclonal MTBD antibodies for human tau MTBD antibodies will be useful to examine tau pathology and as promising novel immunotherapies.
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